The xylose-fermenting recombinant Saccharomyces cerevisiae and its improvement have been studied extensively. The redox balance between xylose reductase (XR) and xylitol dehydrogenase (XDH) is thought to be an important factor in effective xylose fermentation.
xylitol dehydrogenase from Pichia stipitis 3 Environmental concerns and depletion of fossil oil along with increasing demand for energy for transportation, heating, and industrial processes have prompted a search for sustainable and renewable substances for energy generation; consequently, reducing greenhousegas emission and subsequent the global warming. Biofuel is a biotechnology product that is attracting research attention. Use of suitable microorganisms with cellulosic biomass has the potential to meet the demand for liquid fuel (Hahn-Hägerdal et al., 2007; Rubin, 2008) .
Xylose is one of the main fermentable sugars present in lignocellulosic biomass, and the second most abundant carbohydrate in nature after glucose. Complete fermentation of glucose and xylose are economically valuable. Saccharomyces cerevisiae is the top fermenting microorganism, although it cannot ferment xylose natively. Recombinant S. cerevisiae acquires the ability to ferment xylose via transformed xylose reductase (XR) and xylitol dehydrogenase (XDH) (Jeffries and Jin, 2004) . However, xylitol accumulation by recombinant S. cerevisiae during xylose fermentation is an obstacle to industrial-scale application. The redox imbalance between XR and XDH, where the wild type (WT) XR uses both NADPH and NADH in preference to NADPH, and WT XDH uses only NAD + , is thought to be one of the main reasons for xylitol accumulation. Many attempts have been made to overcome this problem by several NADH-preferring XR mutants from Candida tenuis (Kavanagh et al., 2002; Kavanagh et al., 2003; Leitgeb et al., 2005; and Pichia stipitis (Watanabe et al., 2007a (Watanabe et al., , 2007b Lee et al., 2012) .
As an alternative strategy, we reversed P. stipitis XDH (PsXDH) specificity from NAD + -dependent to NADP + -dependent (Watanabe et al., 2005) . In addition to an 86% reduction in unfavorable xylitol accumulation, a recombinant S. cerevisiae harboring mutated PsXDH combined with WT XR showed a 41% improvement in bioethanol production (Watanabe et al., 2007c) . Furthermore, a recombinant S. cerevisiae was constructed by chromosomally integrating WT PsXR gene and mutated NADP + -dependent PsXDH gene with endogenous xylulokinase (XK) gene overexpression (Matsushika and Sawayama, 2008; Matsushika et al., 2008) . This recombinant strain demonstrated a 28% reduction in xylitol accumulation and a 15% increase in 4 ethanol production compared with the control strain. Nevertheless, these strains may retain some redox imbalance because of the use of both NADH and NADPH cofactors of PsXR, with preference for the latter. Therefore, strictly NADPH-dependent XR with mutated strict NADP + -dependent XDH may be more effective in increasing bioethanol production and decreasing xylitol accumulation.
Site-directed mutagenesis was applied to construct a novel strictly NADPH-dependent XR from P. stipitis (Khattab et al., 2011a (Khattab et al., , 2011b Expression of XR, XDH, and XK activities in these cells was determined (Table 2) . XR in SK-N2, SK-N3, and SK-N4 showed much higher activities with NADPH compared with NADH, while XR in SK-N1 showed activities with both NADPH and NADH preferred to NADPH. These characteristics of XR activities were consistent with those of mutated XR and WT XR expressed in E. coli (Khattab et al., 2011a (Khattab et al., , 2011b with little increase in DA XR activity of the recombinant strain. XDH activities in all four strains exhibited almost the same activity showing NADP + dependency; furthermore, XK activities were almost identical in the four strains.
Xylose and glucose fermentation abilities of these strains were measured in a medium with 20 g/l glucose and 55 g/l xylose at initial fermentation time. Because a practical sugar solution obtained from biomass usually contains both glucose and xylose, we focused on a fermentation process employing a sugar mixture of glucose and xylose. Glucose was consumed within the first 6 h at almost the same rate in all strains (Fig. 1a) . Because S. cerevisiae has a native mechanism for glucose consumption and fermentation, all four strains attained a glucose consumption rate of 3.6 g/h.
Xylose consumption rates varied in the recombinant strains. SK-N1 (WT XR) consumed 74.1% and 97.5% of xylose after 48 h and 96 h, respectively, with 0.55 g/h xylose consumption rate (Fig. 1a) . SK-N2 (AA XR) consumed 64.2% and 90.5% of xylose after 48 h and 96 h, respectively, with 0.52 g/h xylose consumption rate (Fig. 1a) . SK-N3 (DA XR) consumed 74.7%
and 96.3% of xylose after 48 h and 96 h, respectively, with 0.55 g/h xylose consumption rate (Fig. 1a) . SK-N4 (GA XR) showed the lowest xylose consumption rate of 0.38 g/h, where 40%
and 66.1% xylose consumption occurred after 48 h and 96 h, respectively (Fig. 1a ). These consumption rates in SK-N1, SK-N2, SK-N3, and SK-N4 may reflect in both the K m of WT XR, AA XR, DA XR, and GA XR for xylose and the total enzyme activities with NADPH and NADH. These enzymes showed K m of 97.1, 226, 108, and 270 mM for xylose (Khattab et al., 2011a (Khattab et al., , 2011b , and 2.07, 1.59, 2.79, and 1.17 U/mg protein for the total enzyme activities ( Table   2 ). The effects of lower K m of WT XR in SK-N1 for xylose and higher total enzyme activity of DA XR in SK-N3 probably resulted in almost the same xylose consumption rate between them.
The slow consumption rate of SK-N4 probably resulted from the three-fold higher K m of GA XR for xylose compared with WT XR (Khattab et al., 2011b) , in addition to the lower total enzyme activity of GA XR expressed in SK-N4 (57% of WT XR in SK-N1) as shown in Table 2 .
This study aims to assess the effects of a mutated pair of strictly NADPH-dependent XR and NADP + -dependent XDH to reduce xylitol excretion and consequently improve ethanol production. At 13.3% of xylose, xylitol was accumulated in SK-N1, whereas SK-N2, SK-N3, and SK-N4 showed 46.1%, 34.4%, and 54.7% reductions in xylitol accumulation, respectively, compared with SK-N1 (Fig. 1b) . Although SK-N1 and SK-N3 consumed xylose at almost the same rate, SK-N3 exhibited lower xylitol accumulation, probably reflecting the effective 6 NADPH/NADP + recycling. The mutated XR and XDH in SK-N3 use only NADPH and NADP + , whereas WT XR in SK-N1 uses both NADPH and NADH, and mutated XDH (ARSdR) in SK-N1 uses only NADP + . For ethanol production, SK-N1 produced 34.2% of total consumed mixed glucose and xylose sugars, representing 67% of the theoretical yield with 0.15 g/h ethanol production rate (Fig. 1c) . SK-N2 showed a 20% improvement in ethanol production where 30.1 g/l were produced with 0.41 g/g ethanol of total consumed sugars (80% of the theoretical yield).
In addition, this improvement can be seen in 0.18 g/h production rate (Fig. 1c) . SK-N3 produced ethanol at 25.8 g/l with a yield of 35% of total consumed sugars (glucose and xylose), representing 68.2% of the theoretical yield (Fig.1c) . SK-N4 showed 10% improvement in ethanol production with a relatively slow xylose consumption rate, producing 27.9 g/l, representing 0.41 g/g of the total consumed sugars (80% of the theoretical yield) (Fig. 1c) . This improvement in ethanol production by 20% and 10% for SK-N2 and SK-N4, respectively, may have resulted from efficient NADPH/NADP + recycling and diminished xylitol excretion.
Contrary to our expectation, SK-N3 showed only a 1.8% improvement in ethanol production compared with SK-N1. Considering that NADPH-dependent XR activity in SK-N3 was approximately two times higher compared with SK-N2 and SK-N4, the shortage of cofactors may be a factor affecting the metabolic activity for ethanol production. Further investigation is needed to clarify this point, for example by increasing the NADPH pool (Verho et al., 2003; Bera et al., 2011) .
Glycerol accumulation in the fermentation medium amounted to 4.8, 6.24, 5.68, and 5.99 g/l for SK-N1, SK-N2, SK-N3, and SK-N4, respectively (Fig. 1d) . Acetic acid also accumulated to 1.37, 0.91, 1.35, and 0.77 g/l for SK-N1, SK-N2, SK-N3, and SK-N4, respectively (Fig. 1d) .
Glycerol slightly increased in these strains, while acetic acid slightly decreased in SK-N2 and SK-N4. A combination of the previous strategies, such as reducing glycerol accumulation by deletion of the glycerol 3-phosphate dehydrogenase gene (Michnick et al., 1997) , may be needed to improve ethanol production by preventing glycerol accumulation.
In our previous work, we reported the development of a xylose-utilizing S. cerevisiae strain by reversing the coenzyme specificity of WT PsXDH from NAD + to NADP + for compatibility with WT PsXR (Watanabe et al., 2007b (Watanabe et al., , 2007c Matsushika and Sawayama, 2008; Matsushika et al., 2008) . In this study, using the complete NADPH-dependent PsXR, xylitol accumulation was further reduced in SK-N2, SK-N3, and SK-N4 by 46.1%, 34.4%, and 54.7%
over SK-N1, respectively. In addition, SK-N2 and SK-N4 showed improvements in ethanol production by 20% and 10%, respectively. Table 1 Characteristics of recombinant S. cerevisiae strains and plasmids used in this study. A plasmid pPGK harboring WT PsXR (Watanabe et al., 2007b ) was used as a template for constructing three double mutants E223A/S271A (AA), E223D/S271A (DA), and E223G/S271A (GA) with phosphoglycerate kinase (PGK) expression promoter and terminator by site-directed mutagenesis.
Details of the codons used for mutations, methods, electroporation, and DNA sequencing are previously described (Khattab et al., 2011a (Khattab et al., , 2011b . (Continued on the next page) Table 2 Specific enzyme activities of XR, XDH, and XK in cell-free extracts of recombinant yeast strains.
The recombinant S. cerevisiae strains were cultivated at 30°C with shaking at 240 rpm for 24 h in 10-ml YPD medium (10 g yeast extract, 20 g peptone, and 20 g glucose in 1 L) in a closed 50-ml Falcon tube. The cell pellets were harvested by centrifugation at 6,000 × g for 5 min at 4°C.
Subsequently, the cell pellets were resuspended in 100 mM sodium phosphate (pH 7.5), containing 1 mM MgCl 2 and 10 mM 2-mercaptoethanol and vortexed with glass beads. Cell-free extracts were separated from the beads by centrifugation and used for enzyme measurements.
Protein concentrations were determined using the Bio-RAD Quick Start Bradford 1× dye reagent (Bio-Rad Laboratories) by measuring absorbance at 595 nm with γ-globulin as a standard.
Enzyme activities of XR, XDH, and XK were determined with freshly prepared cell-free extracts as previously described (Watanabe et al., 2007c; Matsushika et al., 2008) . 
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